We report the discovery and molecular characterization of a small and very acidic nucleolar protein of an SDS͞PAGE mobility corresponding to M r 29,000 (NO29). The cDNA-deduced sequence of the Xenopus laevis protein defines a polypeptide of a calculated molecular mass of 20,121 and a pI of 3.75, with an extended acidic region near its C terminus, and is related to the major nucleolar protein, NO38, and the histone-binding protein, nucleoplasmin. This member of the nucleoplasmin family of proteins was immunolocalized to nucleoli in Xenopus oocytes and diverse somatic cells. Protein NO29 is associated with nuclear particles from Xenopus oocytes, partly complexed with protein NO38, and occurs in preribosomes but not in mature ribosomes. The location and the enormously high content of negatively charged amino acids lead to the hypothesis that NO29 might be involved in the nuclear and nucleolar accumulation of ribosomal proteins and the coordinated assembly of pre-ribosomal particles.
The packaging of DNA and histones into nucleosomes as a first step in chromatin formation and the packaging of rRNA and ribosomal proteins (r-proteins) during ribosome formation are, at first glance, two basically different and for the most part spatially separated processes. The former occurs at chromatin borders in the nucleoplasm and the latter is confined to the nucleolus. However, in both processes, the eukaryotic cell has to overcome a common chemical problem-i.e., the prevention of nonspecific associations and aggregations of these basic proteins with the numerous negatively charged nucleic acids and proteins abundant in the cytoplasm and in the nucleus. Biochemical studies have identified several proteins containing acidic regions that bind histones and can transfer them onto DNA to form nucleosome cores. Examples include major proteins of the amphibian oocyte such as nucleoplasmin and protein N1͞N2 (1) (2) (3) (4) (5) as well as somatic cell proteins such as ''nucleoplasmin S'' (6), CAF-1 (7) , and other related proteins (8) (9) (10) .
During ribosome assembly, the concerted interaction of r-proteins and rRNA is believed to involve certain nonribosomal nucleolar proteins (reviewed in [11] [12] [13] . One of the best characterized among them is protein NO38, a major constituent of the granular component of nucleoli of Xenopus laevis (14) , a homolog of mammalian protein B23 (15) (16) (17) (18) (19) . Like nucleoplasmin (20) , protein NO38͞B23 tends to form stable oligomers (14, 21) and can shuttle between the nucleus and the cytoplasm (22) . Because of its sequence homology to nucleoplasmin and its reported ability to bind to nucleic acids (23) (24) (25) , protein NO38͞B23 has been proposed to promote ribosome assembly and transport across the nuclear envelope (12) . A direct association of protein NO38͞B23 and r-proteins, however, has not yet been demonstrated. In addition, protein NO38͞B23 has been reported to possess ribonuclease activity (26) and to associate with transcription factor YY1 (27) , protein Rev of HIV-1 (28) (29) (30) , and nucleolar protein p120 (31) , suggesting that this protein has multiple functions.
Although sequence elements required for the specific nucleolar accumulation of protein NO38͞B23 have been described (32, 33) , its direct and constitutive binding partners within the nucleolus remain to be identified. In immunoprecipitation experiments and affinity chromatography using cellular and nuclear extracts of X. laevis cultured cells and antibodies to protein NO38 (14), we have recently isolated and cDNA-cloned a novel nucleolar, very acidic protein with an SDS͞PAGE mobility corresponding to M r 29,000 (NO29), which reveals a striking amino acid homology to both nucleoplasmin and protein NO38.
MATERIALS AND METHODS
Biological Material. Clawed toads (X. laevis) were purchased from the South African Snake Farm (Krysna, Republic of South Africa). Culture conditions for X. laevis kidney epithelial cells (XLKE, line A6) and human hepatocellular carcinoma cells of line PLC have been described (34) .
Isolation and Fractionation of Xenopus Oocyte Nuclei, Egg Extracts, and Ribosomal Subunits. Nuclei of mature (stages IV-VI) X. laevis oocytes were isolated and fractionated (35) into low speed pellet (LSP), high speed pellet (HSP), and high speed supernatant (HSS). LSP fractions were cleared from yolk proteins by Freon extraction (36) . Preparations of total egg extracts (37), ribosomes, and ribosomal subunits have been described (38) .
Immunoprecipitations from Cellular and Nuclear Extracts of A6 Cells. For L-[
35 S]methionine labeling, A6 cells were grown in methionine-reduced minimal essential medium, with 10% fetal calf serum and L-[
35 S]methionine, for 16 h before harvest. Cellular extracts were prepared as described (33) . Nuclei from somatic cells were prepared according to MiakeLye and Kirschner (39) , resuspended in 5:1 buffer (10 mM Tris⅐HCl, pH 7.4͞83 mM KCl͞l7 mM NaCl͞2 mM MgCl 2 ), homogenized by sonication (Branson sonifier B-12; 5 ϫ 20 sec, 75 W), and fractionated as described for oocyte nuclei. The resulting LSP was extracted in PBS, supplemented with 250 mM NaCl, for 20 min on ice. In vivo-labeled cellular or nuclear extracts from A6 cells were used for immunoprecipitations with mAb No-185 or No-63 (33) . For preparative immunochromatography of proteins from A6 cell extracts, mAb No-185 was covalently coupled to agarose beads using the Immu-nopure Ag͞Ab Immobilization Kit #3 (Bender und Hobein, Bruchsal, Germany).
Antibodies and Antibody Purification. The Xenopus-specific protein NO38 mAbs, No-185 and No-63, and the myc mAb 9E10 have been described (14, 33) . Antibodies specific for the newly identified protein NO29 were obtained by immunization of guinea pigs with two synthesized peptides (40) , EVTV-PLANLK and SGFISSTAAQGPPSPAIE, coupled to keyhole limpet hemocyanin. While the first peptide sequence had originally been identified by direct amino acid sequencing of a polypeptide spot obtained after immunochromatography of cellular extracts with mAb No-185 and two-dimensional (2D) gel electrophoresis of the eluted proteins, the second one was deduced from the NO29 cDNA. All results shown have been obtained with antibodies affinity-purified on iodoacetylimmobilized peptides (40) .
Gel Electrophoresis and Immunoblotting. SDS͞PAGE and 2D-PAGE of proteins, using either isoelectric focusing (IEF) or nonequilibrium pH gradient electrophoresis (NEPHGE) in the first dimension separation were as described (14, 34, 35, 37) . Immunoblotting was performed on Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore) as described (33) , using protein NO29 antibodies, diluted 1:500 in Trisbuffered saline, and peroxidase-coupled secondary antibodies (Dianova, Hamburg, Germany) detected with the ECL system (Amersham).
Isolation of cDNA Clones. Total DNA from a Unizap cDNA library from X. laevis kidney (Stratagene) was used for PCR with the library-specific reverse primer as sense primer and a degenerated antisense primer deduced from the amino acid sequence DEHNVVEVTAPN. An amplified 249-nt cDNA fragment was used as ''random primed'', 32 P-labeled probe for screening the same cDNA library. One of 16 isolated positive clones, termed pBT-NO29, contained a full mRNA length cDNA and was used for further analyses.
RNA Isolation and Northern Blot Hybridization. Total RNA from Xenopus ovaries or A6 cells was prepared as described (41, 42) , and poly(A) ϩ RNA with the mRNA Purification Kit (Pharmacia). Northern blot analysis was performed as described (34) using a 32 P-labeled antisense cRNA probe corresponding to nt 1-249 of clone pBT-NO29. Hybridization and washing were at 65°C.
In Vitro Synthesis of cDNA-Cloned Proteins. Clone pBT-NO29 was transcribed and translated in vitro using a coupled reticulocyte (TNT) system (Promega). Immunoprecipitations were performed (33) using protein NO29 antibodies coupled to protein A-Sepharose (Pharmacia). Translation products and immunoprecipitates were analyzed by SDS͞PAGE and autoradiography.
Transfection Experiments. For transient expression in human PLC cells, protein NO29 cDNA was subcloned into the BT-myc vector (43) , and the resulting construct further subcloned into the eukaryotic expression vector pRcCMV (ITC Biotechnology, Heidelberg). Transfections were carried out as described (33) .
Immunof luorescence Microscopy. Fixation and immunocytochemistry of transiently transfected PLC cells was as described (33) . Cultured A6 cells were fixed with 2% formaldehyde for 20 min at room temperature (RT), followed by incubation in PBS containing 50 mM NH 4 Cl (3 min at RT), and finally in PBS containing 0.5% Triton X-100 (5 min at RT). After two washes in PBS (each at 5 min at RT), specimens were incubated with antibodies that had been diluted 1:50 in PBS for 20 min at RT.
RESULTS

Coimmunoprecipitations from Cellular and Nuclear Extracts Using mAbs to Protein NO38. L-[
35 S]Methioninelabeled A6 cells were lysed in buffer containing 250 mM NaCl and separated by centrifugation into supernatant and pellet fractions. Under these conditions, protein NO38 was almost completely solubilized, as determined by immunoblotting of the resulting fractions. The supernatant was then subjected to immunoprecipitation using mAbs to protein NO38 or control antibodies of the same IgG subclass, all bound to protein G-Sepharose, and immunoprecipitates were analyzed by oneand 2D gel electrophoresis and autoradiography. Certain low molecular weight proteins were specifically coprecipitated with NO38, whereas some high molecular weight proteins detectable in the immunoprecipitates were bound unspecifically to protein G-Sepharose (Fig. 1A) . 2D gel electrophoresis revealed that the low molecular weight proteins consist of acidic as well as basic polypeptides (Fig. 1B) . By comigration of L-[
35 S]methionine-labeled immunoprecipitates with unlabeled proteins from 40S and 60S subunits of mature ribosomes on 2D-PAGE, the basic proteins could clearly be identified as r-proteins (data not shown). Under more stringent buffer conditions (400 mM NaCl), the r-proteins were removed partially from the immunocomplexes (Fig. 1C) . Further increase of stringency by including a wash in high salt buffer prior to electrophoresis of the immunoprecipitates resulted in quantitative depletion of the basic proteins (Fig. 1D) . Surprisingly, the newly detected acidic proteins remained bound to the protein NO38 immunocomplexes under either condition, indicating that they might represent a complex of tightly associated proteins.
To examine the existence of such a complex, we repeated the immunoprecipitations using extracts obtained from LSPs of A6 nuclear homogenates under stringent conditions. Here, only the acidic coprecipitating proteins mentioned were found to cosediment with protein NO38 (Fig. 1E) , whereas basic proteins were completely absent. The same result was obtained when nuclear extracts were fractionated by sucrose gradient centrifugation or gel filtration chromatography, and the recovered 7S or M app 600,000 fractions known to contain protein NO38 (14, 33) were used for immunoprecipitation.
Isolation and cDNA Cloning of an Acidic Protein Coprecipitating with Protein NO38. To elucidate the nature of these proteins, we isolated protein NO38 and associated proteins in a preparative scale from unlabeled extracts of approximately 4 ϫ 10 8 A6 cells by affinity chromatography using mAb No-185 covalently coupled to Sepharose beads. Because we were most interested in the identification of the acidic proteins, the immunoisolated protein complexes were separated by 2D-PAGE and transferred to PVDF membranes (Fig. 1F) . After staining with Coomassie blue, the two most acidic polypeptides (M r 24,000 and 23,000, both of pI Ϸ 4.3) were individually subjected to amino acid sequencing. Two amino acid sequences, EVTVPLANLK and DEHNVVEVTAPN, were obtained from each polypeptide, indicating that they may represent two different isoforms-or degradation products-of the same protein. Database searches for both oligopeptides were negative. Using degenerated antisense primers deduced from the peptide sequence DEHNVVEVTAPN and the library-specific reverse primer as sense primer, we PCRamplified a 249-nt cDNA fragment from a cDNA library from X. laevis kidney. This cDNA fragment was then used as a probe for screening the same cDNA library. Sixteen positive clones contained identical cDNA inserts of Ϸ1.6 kb, as judged from their electrophoretic mobilities and from partial sequencing analyses; one of them, termed pBT-NO29, was used for further analyses.
The nucleotide sequence has been determined on both strands and the aa sequence deduced therefrom is shown in Fig. 2A . The clone consists of 1,593 nt, contains a 5Ј-untranslated region of 63 nt meeting the Ϫ3 ϭ A requirement of Kozak (44) , an ORF of 549 nt (nt 64-612), and a 3Ј region of 981 untranslated nt (nt 613-1,593) with a poly(A) ϩ addition signal 18 bp upstream of the poly(A) tail, of which 26 nt (nt 1,568-1,593) are included. The ORF encodes a polypeptide of 183 aa with a predicted M r of 20,121 containing the two oligopeptides, EVTVPLANLK and DEHNVVEVTAPN (Fig.  2 A) , initially obtained by amino acid sequencing. The most conspicuous feature of protein NO29 is the presence of a large cluster of 30 negatively charged amino acid residues near the C-terminus (positions 135-165), interrupted only by the single methionine at position 138. Together with 17 additional glutamic and aspartic acid residues scattered throughout the entire sequence, the protein contains 47 acidic amino acids, Database searches disclosed a striking homology of protein NO29 to NO38 and nucleoplasmin (for sequence alignment, see Fig. 2B ): protein NO38 shares 65 identical and 27 conservatively exchanged amino acids with protein NO29 throughout the entire protein, resulting in 50% homology. Nucleoplasmin shares 65 identical and 35 conservatively exchanged amino acids, resulting in 54% homology. These findings indicated that we had discovered another member of the nucleoplasmin family.
Molecular and Biochemical Characterization of Protein NO29. Northern blot hybridization on poly(A) ϩ RNA from X. laevis ovaries and A6 cells yielded a strong signal at Ϸ1.7 kb (Fig. 3A) , indicative of a full-length cDNA clone. The authenticity of the 5Ј end of the isolated cDNA was further verified by two independent 5Ј-RACE (rapid isolation of cDNA ends) experiments using poly(A) ϩ mRNA isolated from A6 cells as template (data not shown). In vitro transcription͞translation of pBT-NO29 mRNA resulted in a distinct translation product with M r 29,000 on SDS͞PAGE (Fig. 3 B and BЈ, lanes 1 and 1Ј) , clearly different from the predicted M r of 20,121. Such obvious deviations of M r estimations and predicted M r values have also been reported for several proteins containing clusters of negatively charged aa (nucleoplasmin, proteins N1͞N2 and NO38, nucleolin) and appear to be due to lesser SDS binding and hence an anomalously low electrophoretic mobility (14, 20, 45) . The protein synthesized in vitro could be efficiently immunoprecipitated with NO29 antibodies (Fig. 3 B and BЈ, ; lanes 2 and 2Ј), thus confirming both the identity of the translation product and the specificity of the antibodies. On 2D-PAGE, the in vitro synthesized, [ 35 S]methionine-labeled protein NO29 comigrated with a single polypeptide of M r 29,000 and pI Ϸ 4.1 present in A6 cells, as detected by immunoblotting (Fig. 4  A-AЉ) . Because the two additonal immunoreactive polypeptides of M r 24,000 and 23,000, both of pI Ϸ 4.3 (Fig. 4AЈ ) migrate at the same position as the most acidic polypeptides of the immunocomplexes (Fig. 1F) , they probably represent degradation products of protein NO29.
The distribution of protein NO29 in different fractions from Xenopus oocyte nuclei, egg extracts, and somatic cells was analyzed by immunoblotting with NO29-specific antibodies. The protein was detected in total nuclei, in LSP and HSP fractions (Fig. 4 B and BЈ, lanes 1, 1Ј, 2, 2Ј, 3 , and 3Ј), indicating that the protein is a nuclear protein bound to a relatively large structure. In contrast, the protein was not detected in the HSS fraction and present only in trace amounts in egg extracts (Fig.  4 B and BЈ, lanes 4, 4Ј, 5 , and 5Ј). As the protein NO29-containing HSP fractions contain preribosomes, we fractionated them further on 10-40% sucrose gradients and analyzed the resulting fractions for the protein by SDS͞PAGE and immunoblotting (Fig. 4 D and DЈ) . Both the 29-kDa protein and the two major degradation products were specifically enriched in fractions containing the precursors for the small and the large ribosomal subunits (''preribosomal particles''), recognized as 40S and 65S particles (Fig. 4 D and DЈ) . On the other hand, protein NO29 was not present in detectable amounts in mature cytoplasmic ribosomes, as determined by immunoblotting experiments on 40S and 60S ribosomal subunits (Fig. 4 C and CЈ) and by immunocytochemistry.
Intracellular Localization of NO29. Immunofluorescence microscopy of A6 cell cultures using antibodies to protein NO29 showed the protein specifically accumulated in nucleoli, with some concentration in the granular portion, and to a lesser extent, in some cells, finely dispersed over the nucleoplasm (Fig. 5 A and AЈ) . Moreover, protein NO29 was detected as a constitutive component in the nucleoli of diverse X. laevis cell types, from intestinal epithelium to oocytes, and also in the residual nucleoli of erythrocytes (data not shown). This result was confirmed by transient and stable transfection of human carcinoma cells of line PLC with a cDNA encoding an aminoterminally myc-tagged protein NO29. Immunofluorescence analysis using myc antibodies revealed that the ectopically expressed protein was exclusively located in the nucleoli of the transfected cells (Fig. 5 B and BЈ) .
Upon treatment of A6 cells with actinomycin D, protein NO29 appeared to be partly released from the nucleoli, first to the nucleoplasm and then to the cytoplasm (data not shown), as it has also been reported for protein NO38͞B23 after treatment with this and other cytotoxic drugs (46, 47) .
DISCUSSION
The nucleolar protein NO29 described here is a member of what seems to represent the nucleoplasmin family of proteins, its amino acid sequence being almost equally distant from both the diffusible karyoplasmic protein, nucleoplasmin, and the constitutive nucleolar protein, NO38͞B23. Specifically, however, protein NO29 is characterized by its small size of only 183 aa, compared with 200 aa in nucleoplasmin and 299 aa in protein NO38, and by its exceptionally low isoelectric point of 3.75, making it the most acidic nuclear protein known. Its high negative charge, in particular the large cluster of glutamic and aspartic acid residues (34 of 39 aa) in the segment preceeding the 18-aa C-terminal stretch, and its location in the nucleolus and in preribosomal particles, suggest that protein NO29 may bind to basic proteins such as r-proteins as nucleoplasmin binds histones H2A and H2B (ref. 5 ; for protein NO38͞B23 in preribosomes see refs. 14, 19, and 21). However, although we could demonstrate mixed complexes containing both proteins NO29 and NO38, we have yet to identify direct complexes of protein NO29 with any r-protein or with nucleic acids (for binding of protein NO38͞B23 to DNA and RNA, see refs. 23, 25, and 26). In discussing possible binding partners of protein NO29, it should further be considered that the related protein NO38͞B23 has been reported to bind to various other nucleolar proteins such as protein p120 (31) or to the nonnucleolar transcription factor YY1 (27) as well as to certain viral proteins such as Rev and Tat of HIV-1 or the human T-lymphocyte virus type I protein Rex (28) (29) (30) (48) (49) (50) .
Moreover, the detection of protein NO29 in the nucleoli of many diverse cell types, from oocytes to cultured cells and from intestinal epithelial cells to the residual nucleoli of erythrocytes, indicates that this protein is a constitutive and functionally important nucleolar component, although its relative abundance is more than an order of magnitude below that of protein NO38͞B23. In computer-based expressed sequence tag searches, we have also noticed the existence of a mouse mRNA encoding another protein of this family, showing significant amino acid sequence homology to both protein NO29 and NO38, that obviously is related to the Npm3 gene product recently described (51) . We are currently attempting to identify the mammalian cDNA clones orthologous to amphibian NO29 and to examine possible functions of protein NO29 by genetic approaches.
In view of the general sequence similarity of the three nuclear proteins, nucleoplasmin, NO38͞B23 and NO29 (Fig.  2) , it is remarkable to note that protein NO29 does not display significant homology to the nuclear localization signal (NLS)-containing aa sequences of the other two molecules. Whether protein NO29 contains a functioning NLS (a candidate hexapeptide KPAKKP is seen in positions 170 -174) or whether it is transported into the nucleolus by binding to NLS carrying other proteins (for a review, see ref. 13 ) will be examined by targeted mutagenesis. Similarly surprising in protein NO29 is the absence of the entire C-terminal portion of protein NO38͞B23 which has been reported to contribute essentially to the accumulation of this protein in nucleoli (32, 33) and to its nucleic acid binding (25) . On the other hand, our finding (results not shown) that protein NO29 does not form the distinct oligomers described for protein NO38͞B23 (14, 21) and nucleoplasmin (20) shows that the N-terminal portion, despite the considerable sequence homology between these proteins, including the region between amino acid positions 15-120 and in particular the cysteine residue at position 22 of protein NO38 (for details, see ref. 33 ) is essentially different in protein NO29. Hence, the specific topogenically and functionally important element in protein NO29 cannot be hypothesized from sequence similarities but will have to be determined experimentally.
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